A trial fibrillation (AF) is a common but important type of arrhythmia because of the high risk of cerebral thromboembolism, which can be fatal. 1, 2 A close relationship between AF and chronic renal dysfunction has been demonstrated in the several clinical trials. [3] [4] [5] [6] [7] Analyses based on the Atherosclerosis Risk in Communities (ARIC) study revealed that patients with chronic renal dysfunction who were not on dialysis were independently correlated with the incidence of AF. 4 Another study demonstrated the odds ratios for the prevalence of AF to be 2.67, 1.68, and 3.52 in chronic kidney disease stages 1 and 2, 3, and 4 and 5, respectively. 5 Despite these clinical results, the mechanisms of renal dysfunction leading to AF have yet to be elucidated fully. We have recently established a model of AF associated with renal dysfunction in rats and revealed that oxidative stress contributes to renal dysfunction-induced AF. 8 Renal dysfunction results in the accumulation of various uremic toxins. Indoxyl sulfate (IS) is a poorly dialysable uremic toxin due to its high protein binding, and it has been proposed as a critical factor for the progression of inflammation and fibrosis in various tissues. [9] [10] [11] [12] IS has been reported to exaggerate cardiac fibrosis via oxidative stress and inflammation in renal dysfunction, and AST-120 (commonly used in clinical settings as an absorbent of uremic toxins) has been reported to ameliorate fibrosis by reducing circulating levels of IS. [13] [14] [15] Given that atrial interstitial fibrosis is a substrate for the pathogenesis of AF, [16] [17] [18] we hypothesized that IS may be a predisposing factor for AF in renal dysfunction mediated by aggravation of oxidative stress, inflammation, and atrial fibrosis. Furthermore, we investigated the effects of reducing circulating levels of IS by AST-120 on renal dysfunctioninduced AF.
Materials and Methods
Experimental procedures were conducted in accordance with the guidelines of the Physiological Society of Oita University ( Oita, Japan) for the care and use of laboratory animals. Those guidelines followed the guidelines established by the US National Institutes of Health. We used 138 rats in the present study (128 rats for in vivo experiments and 10 rats for in vitro experiments).
Animal Model of Renal Dysfunction
Male Sprague-Dawley rats aged 8 weeks (KYUDO Co, Ltd, Japan) underwent nephrectomy by resection of the upper and lower thirds of the left kidney, followed by right nephrectomy 7 days later and completed 5/6 nephrectomy (5/6Nx). 8 The control group underwent a sham procedure without nephrectomy (sham). Rats were assigned randomly to the following groups: sham plus vehicle (VEH), sham plus AST-120, 5/6Nx plus VEH, and 5/6Nx plus AST-120. VEH and AST-120 were administered by mixing in standard rat chow at 8% wt/wt for 4 weeks. 15 Rats were anesthetized by intraperitoneal injection of a mixture of ketamine (60 mg/kg) and xylazine (10 mg/kg). The depth of anesthesia was confirmed by a stable heart rate and lack of flexor responses to a paw pinch.
Hemodynamic Parameters and Echocardiography
At the end of the sequential protocol, systolic blood pressure and heart rate were measured using the noninvasive tail-cuff method (Muromachi Kikai Co, Ltd). Transthoracic echocardiography (Hitachi Aloka Medical, Ltd) was also undertaken under anesthesia, which was confirmed not to decrease blood pressure. Left atrial dimension, interventricular septal wall thickness, left ventricular end-diastolic dimension, left ventricular end-systolic dimension, left ventricular ejection fraction, and left ventricular posterior wall thickness, peak early and late transmitral flow velocities, and deceleration time of the mitral E-wave were determined.
Laboratory Data and IS Measurement
Blood samples were collected from the inferior vena cava, and 24-hour urine samples were collected using metabolic cages. Serum levels of IS were measured by high-performance liquid chromatography using a mobile phase of 5% tetrahydrofuran and 0.1 mol/L KH 2 PO 4 (pH 6.5) at a flow rate of 1 mL/min and fluorescence detection (excitation at 295 nm and emission at 390 nm). 19 
Histological Studies
Isolated samples of left atrium (LA), left ventricle (LV), and right atrium (RA) were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-lm sections. Masson trichrome staining was used to evaluate interstitial fibrosis. Micrographs were digitized using a BZ-9000 Biolevo Epifluorescence Microscope (Keyence). Areas of fibrosis were analyzed using an imaging software (Keyence). For each atrium and ventricle, 3 images at a magnification of 9400 were analyzed and averaged.
Electrophysiological Studies
Electrophysiological studies were carried out on isolated perfused hearts using a Langendorff apparatus with KrebsHenseleit buffer equilibrated with a 95% O 2 and 5% CO 2 gas mixture at a constant pressure of 60 mm Hg. 20, 21 Isolated hearts were stabilized for 10 minutes by perfusion at constant flow before programmed electrical stimulation. Teflon-coated (except their tips) silver bipolar electrodes were placed on the LV and on RA and LA appendages. Interelectrode distance between RA and LA was set at 10 mm to measure the interatrial conduction time. The effective refractory period of the LA was measured by the S2 extrastimulus method using 8 regularly paced beats with cycle lengths of 200, 150, 120, and 90 ms. The interatrial conduction time was measured during RA pacing. AF inducibility was tested by the S3 extrastimulus pacing method. In S3 extrastimulus pacing, intervals of S1 to S2 and S2 to S3 were identical and decreased from 100 ms to the effective refractory period of the RA. AF was defined as rapid and irregular atrial excitations lasting ≥1 second.
Western Blot Analyses
Western immunoblotting was undertaken, as described previously. 8 An equal amount of total protein taken from LA tissues was subjected to SDS-PAGE and transferred by electrophoresis onto polyvinylidene difluoride membranes (Bio-Rad). After blocking, membranes were incubated with antibodies against transforming growth factor b1, a-smooth muscle actin, collagen type 1, CD68, monocyte chemoattractant protein 1 (MCP-1), vascular cell adhesion molecule 1 (VCAM-1), NADPH oxidase (NOX) 2, NOX4, malondialdehyde (MDA), or GAPDH (Table 1) . After washing, membranes were incubated with horseradish peroxidase-tagged secondary antibodies (GE Healthcare) and proteins visualized using electrochemiluminescence (GE Healthcare).
Culture of Atrial Fibroblasts Isolated From Adult Rats
Atrial cardiac fibroblasts were isolated from male SpragueDawley rats aged 6 weeks. LAs were removed and minced in PBS. After digestion with trypsin (2 mg/mL) at 37°C, atrial fibroblasts were pelleted at 78.3 g for 10 minutes and resuspended in DMEM with 5% fetal bovine serum, penicillin (100 U/mL), streptomycin (100 mg/mL), vitamin B12 (2 g/ mL), and bromodeoxyuridine (0.1 mmol/L), as described elsewhere. 21 
Immunohistochemistry
Samples of isolated LA were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-lm sections. Some sections were incubated with primary anti-MCP-1 or anti-VCAM-1 overnight at 4°C and then incubated with appropriate biotin-conjugated secondary antibody (Vector Laborato- ries). Sections were visualized using a 3,3 0 -Diaminobenzidine
Substrates kit (Vector Laboratories) as immunostainingpositive areas and counterstained with hematoxylin. Other sections were incubated with primary anti-CD68 or anti-MCP-1 and anti-collagen type 1 overnight at 4°C and then incubated with appropriate biotin-conjugated secondary antibody (Vector Laboratories). These sections were visualized by immunofluorescence with fluorescein and cyanine 3-conjugated streptavidin and mounted with mounting medium using DAPI to visualize nuclei. Micrographs were digitized using a BZ-9000 Biolevo Epifluorescence Microscope (Keyence). CD68-positive cells in 3 images at magnification of 9400 were counted and averaged using imaging software (Keyence), as described.
Scanning and Transmission Electron Microscopy
Isolated LA tissues were cut open carefully. Some tissues earmarked for scanning electron microscopy were fixed as they were, whereas others earmarked for transmission electron microscopy were fixed after being cut into %595-mm pieces in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde (Karnovsky's fixative) in 0.1 mol/L cacodylate buffer (pH 7.4) overnight at 4°C. 23, 24 After rinsing in a 0.1 mol/L cacodylate buffer, they were placed in cacodylate-buffered 1% osmium tetroxide, 1% aqueous solution of tannic acid, and 1% osmium tetroxide again for 1 hour each at 4°C. After rinsing with cacodylate buffer, they were dehydrated through a graded series of ethanol solutions. Samples for scanning electron microscopy were dried by the tert-butyl alcohol freezing method and mounted on aluminum stubs with carbon tapes and silver paste and then coated lightly with platinum. 23, 24 Samples for transmission electron microscopy were embedded in epoxy resin and cut into ultrathin sections (80 to 90 nm) and stained with uranyl acetate and lead citrate. Samples were observed using an S-4800 scanning electron microscope (Hitachi) and an H7650 transmission electron microscope (Hitachi).
Statistical Analyses
Continuous data were assessed for normal distribution using the Shapiro-Wilk test. Normally distributed data were expressed as meanAESE. Non-normally distributed variables were expressed as medians and interquartile ranges. Comparisons among the 4 groups were analyzed using one-way ANOVA followed by the Bonferroni-Dunn test (for normally distributed data) or the Kruskal-Wallis test with Dunn's multiple comparison test (for non-normally distributed data). Repeated-measures analyses were undertaken with two-way repeated-measures ANOVA followed by Bonferroni-Dunn tests. Prevalence of AF among 4 groups was compared using Fisher's exact test. P<0.05 (2-tailed) indicated significance. Table 2 summarizes the physiological and hemodynamic characteristics of animal models after treatment with AST-120 or VEH for 4 weeks (n=8 for each group). Body weight, gain in body weight, and food intake were significantly lower in the 5/6Nx groups than those of the sham-VEH group. Heart:body weight ratio was significantly greater in the 5/ 6Nx-VEH group than in the sham-VEH group and was attenuated by AST-120 treatment. Systolic blood pressure and heart rate were significantly elevated in the 5/6Nx-VEH group compared with the sham-VEH group. Nevertheless, there were no significant effects on blood pressure and heart rate on AST-120 treatment ( Figure 1 ). increased, and left ventricular end-systolic and end-diastolic dimensions and peak early/late transmitral flow velocity ratio were decreased in the 5/6Nx-VEH group compared with the sham-VEH group. All of these changes were attenuated by AST-120 treatment. with the sham-VEH group and were not recovered by AST-120 treatment. Levels of total cholesterol and low-density lipoprotein cholesterol were significantly elevated in the 5/ 6Nx-VEH group compared with the sham-VEH group and were not recovered by AST-120 treatment. There were no significant differences in levels of fasting blood glucose among the 4 experimental groups. With regard to renal function, plasma levels of blood urea nitrogen and creatinine were significantly elevated by 5/6Nx and were significantly recovered by AST-120 treatment. Creatinine clearance was reduced and urinary protein excretion was increased in the 5/ 6Nx-VEH group compared with the sham-VEH group, and neither factor recovered on AST-120 treatment.
Results

Physiological and Hemodynamic Characteristics
Echocardiographic Findings
Biochemical Characteristics
Serum Levels of IS
Serum levels of IS were significantly increased in the 5/6Nx-VEH group compared with the sham-VEH group, which was significantly attenuated by AST-120 treatment for 4 weeks (Figure 2) (n=8 for each group) . There was no significant difference between the sham-VEH and sham-AST-120 groups. site of reactive oxygen species production) was also investigated. Expression of NOX2 and NOX4 was significantly upregulated in the 5/6Nx-VEH group compared with the sham-VEH group and was attenuated by AST-120 treatment ( Figure 3 ) (n=5 for each group).
Proinflammatory Signaling in the LA
Inflammation is another facilitator of AF. Expression of CD68, MCP-1, and VCAM-1 in LA tissue was significantly upregulated in the 5/6Nx-VEH group compared with the sham-VEH group Figure 5A and 5B shows immunohistochemical staining with anti-MCP-1 and anti-VCAM-1 in the endothelia of LAs. Brown staining (black arrows) indicates expression of MCP-1 ( Figure 5A ) and VCAM-1 ( Figure 5B) . Expression of MCP-1 and VCAM-1 was significantly increased in the 5/6Nx-VEH group compared with sham-operated groups and was remarkably attenuated by AST-120 treatment. Figure 5C and 5D show the representative immunofluorescent staining and quantitative analyses of CD68-positive cells in LA tissue. There were many more CD68-positive cells in the 5/6Nx-VEH group than in sham-operated groups, and they were significantly suppressed by AST-120 treatment. Figure 5E demonstrates double immunostaining with anti-MCP-1 and anti-collagen type-1 in LA. Expression of collagen type 1 (red staining) increased in accordance with the upregulation of MCP-1 (white arrows) in the 5/6Nx-VEH group.
Electron Micrographs of Monocytes on the Left Atrial Endothelium
In the 5/6Nx-VEH group, monocyte adhesion to endothelial cells and monocyte infiltration into connective tissues in LA were observed with scanning electron microscopy ( Figure 6A ) and transmission electron microscopy ( Figure 6B ). In sham groups and the 5/6Nx-AST-120 group, monocyte on LA endothelium was not observed.
Profibrotic Signaling and Interstitial Fibrosis in RA, LA, and LV Figure 7 shows the quantitative analyses of profibrotic factors in LA tissue (n=6 for each group). Expression of transforming growth factor b1, a-smooth muscle actin, and collagen type 1 was upregulated in the 5/6Nx-VEH group compared with the sham-VEH group and was significantly attenuated by AST-120 treatment. Figures 8 and 9 demonstrate the representative images and quantitative ratio of the area of fibrosis obtained by the Masson trichrome staining of LA and LV tissue (n=7 for each group). Blue staining indicates interstitial fibrosis. Extensive and heterogeneous interstitial fibrosis was observed in the 5/6Nx-VEH group and was reduced in the 5/6Nx-AST-120 group. Figure 10 demonstrates the distribution of interstitial fibrosis in LA and in LA and RA appendages in the 5/6Nx-VEH and sham-VEH groups (n=5 for each group). There were no significant differences in the distribution of fibrosis in the 5/6Nx-VEH and sham-VEH groups.
Effects of IS on Cultured Fibroblasts
To investigate the direct effects of IS in vitro, we isolated fibroblasts from the atria of Sprague-Dawley rats. Incubating fibroblasts in a medium containing IS (150 lmol/L) for 72 hours increased expression of MDA, NOX2, and NOX4 ( Figure 11B) (n=5 for each group) . Expression of proinflammatory and profibrotic signaling molecules, such as MCP-1, transforming growth factor b1, a-smooth muscle actin, and collagen type 1, was also upregulated in fibroblasts by incubation with IS for 72 hours ( Figure 11A and 11C) . Figure 11D demonstrates that expression of transforming growth factor b1 and a-smooth muscle actin was upregulated in a dose-dependent manner by incubation with IS for 48 hours. induced by double extrastimuli under Langendorff perfusion was significantly increased in the 5/6Nx-VEH group compared with the sham-operated group and was significantly attenuated in the 5/6Nx-AST-120 group ( Figure 12B ) (n=7 for each group). The interatrial conduction time and effective refractory period were measured in each group for basic cycle lengths of 200, 150, 120, and 90 ms. The interatrial conduction time was significantly prolonged at all basic cycle lengths tested in the 5/6Nx-VEH group; this prolongation was significantly reduced in the 5/6Nx-AST-120 group ( Figure 12C ) (n=7 for each group). There were no significant differences in the effective refractory period of LA tissues among the 4 groups ( Figure 12D ) (n=7 for each group). Average duration of AF tended to be longer in the 5/6Nx-VEH group (5.88 seconds; n=7) than in the 5/6Nx-AST-120 group (1.66 seconds; n=2) ( Figure 12E ).
Electrophysiological Studies and AF Induction
Discussion
This study had the following core findings: (1) 5/6Nx increases the serum level of IS, oxidative stress, inflammation, and fibrosis in the LA; (2) these changes induced by 5/6Nx were attenuated by AST-120 treatment; (3) in in vitro experiments, IS addition on cultured atrial fibroblasts upregulated the markers of oxidative stress, inflammation, and profibrotic signals; (4) AF was invariably induced by atrial extrastimuli in perfused hearts extracted from 5/6Nx rats and was attenuated by AST-120 treatment. Creatinine clearance in the 5/6Nx group was about onequarter that observed in sham-operated rats, suggesting that 5/6Nx is an adequate model of renal dysfunction. Concomitantly, serum levels of IS were remarkably elevated by 5/6Nx, and treatment with AST-120 almost completely suppressed this increase. LA enlargement and LV concentric hypertrophy observed in 5/6Nx groups were significantly prevented by AST-120 treatment without significant improvement in systolic blood pressure, anemia, blood glucose levels, and renal function. These results suggest that LA enlargement may be attenuated by improvement of LV diastolic function and accumulating IS may directly contribute to the cardiac remodeling induced by renal dysfunction.
IS has been shown to increase oxidative stress and induce the production of reactive oxygen species via activation of NADPH oxidases. [25] [26] [27] [28] NADPH oxidases are major sources of reactive oxygen species, and activation of NADPH oxidases was associated with the incidence of AF. [29] [30] [31] [32] [33] [34] [35] [36] Furthermore, several studies demonstrated that oxidative stress plays an important role in renal dysfunction-induced cardiac fibrosis, and AST-120 prevented cardiac damage by alleviating oxidative stress. 13, 15 In the present study, expression of NOX2, a membrane-spanning subunit of NADPH oxidases, and NOX4, which is predominantly localized in the mitochondria, was significantly upregulated in LA tissue isolated from 5/6Nx rats, and the expression of MDA was concomitantly upregulated. Consistently, circulating levels of MDA were elevated in patients with AF. 37 Furthermore, we confirmed that IS directly increased the expression of NOX2 and NOX4 accompanied by the increase of MDA in cultured atrial fibroblasts. Taken together, it appears that IS exaggerates cardiac fibrosis in renal dysfunction by increasing reactive oxygen species via NADPH oxidases. This will exacerbate the development of AF substrates. Inflammation is another critical factor in AF pathogenesis. 18 A recent study showed that reduction of IS by AST-120 can attenuate monocyte-mediated inflammation in renal dysfunction. 38 IS also stimulated expression of MCP-1 (a chemokine required for monocyte accumulation) in human umbilical vein endothelial cells by inducing oxidative stress. 39 Consistently, increased expression of MCP-1, CD68, and VCAM-1 in renal dysfunction was significantly attenuated by AST-120 treatment in the present study. Consequently, monocyte-mediated inflammation such as monocyte/macrophage infiltration in atrial tissue is likely to be a key process of atrial fibrosis induced by IS in renal dysfunction. The interatrial conduction time was significantly prolonged without significant changes in the effective refractory period in LA tissue, and AF inducibility was enhanced in 5/6Nx groups in the present study. Renal dysfunction-induced structural remodeling such as interstitial fibrosis of atria may promote reentry and enhance AF inducibility by disturbances in atrial conduction. [16] [17] [18] Chen et al recently reported the acute arrhythmogenic effects of IS in pulmonary veins and atria isolated from rabbit hearts. 40 They showed that IS increased delayed after-depolarizations and burst firings in pulmonary veins and also induced overload of intracellular calcium. In addition to these results, we showed that IS contributed to the inducibility of AF in the chronic phase of renal dysfunction in the present study.
Study Limitations
It is difficult to discuss the pathogenesis of AF from a single perspective because many factors (eg, oxidative stress, inflammation, hypertension, anemia and rennin-angiotensin system) contribute to the development of AF substrate in renal dysfunction. Although we did not observe significant improvement of renal function in the present study, AST-120 treatment significantly improved renal function in a previous study 41 ; therefore, we still cannot exclude the possible effects of improved renal function by AST-120 treatment on cardiac remodeling. Furthermore, the present results showing that AST-120 did not completely suppress cardiac remodeling and AF substrate may indicate the association of other factors in AF progression in renal dysfunction; for example, systemic hypertension may contribute, at least in part, to LV remodeling and diastolic dysfunction, which may be associated with LA enlargement and atrial fibrosis.
Conclusion
IS could be a predisposing factor for AF in renal dysfunction mediated by the progression of atrial remodeling involving oxidative stress, inflammation, and fibrosis. We propose that IS may be a promising therapeutic target for prevention of renal dysfunction-induced AF.
